ABSTRACT Several recombinant plasmids containing cpall, the gene that encodes the large subunit of yeast arginine-specific carbamoyl-phosphate synthetase [carbamoyl-phosphate synthetase (glutamine-hydrolyzing), carbon-dioxide: L-glutamine amidoligase (ADP-forming, carbamate-phosphorylating), EC 6.3.3.5], have been isolated. The plasmids were selected by transformation ofa yeast strain with a mutation in the structural gene ofthe large subunit of carbamoyl-phosphate synthetase. By using a recombinant pool with inserts ofyeast nuclear DNA of5-20 kilobase pairs, we obtained 13 transformants. Of five transformants studied, three have been found to have stable plasmid inserts. These plasmids could be amplified in Ewcherichia coli and transferred back into the yeast carbamoyl-phosphate synthetase-deficient strains with concomitant complementation of the nuclear mutation. Plasmids pJL2/T1 and pJL2/T5 contain identical nuclear DNA inserts of 5.9 kilobase pairs. Although the insert of plasmid pJL2/ T3 is also 5.9 kilobase pairs long, the sequence overlap with pJL2/ TI and pJL2/T5 is only 4.5 Idlobase pairs long. The T3 insert has an orientation in the vector opposite to that of the T1 and T5 inserts. The recombinant plasmids with the yeast cpall gene fail to cross-hybridize with a cloned fragment ofE. coli DNA containing the carA and carB genes for the bacterial carbamoyl-phosphate synthetase.
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Carbamoyl phosphate is essential to both pyrimidine and arginine biosynthesis. As summarized in Table 1 , in Escherichia coli and most bacteria, carbamoyl phosphate is synthesized by a single enzyme, glutamine-dependent carbamoyl-phosphate synthetase [carbamoyl-phosphate synthetase (glutamine-hydrolyzing), carbon-dioxide: L-glutamine amido-ligase (ADPforming, carbamate-phosphorylating), EC 6.3.3.5] , which is subject to regulation by ornithine, IMP, and UMP (4) . Fungi, including yeast and Neurospora crassa, and higher eukaryotes have two separate enzymes for carbamoyl phosphate synthesis (5, 6) . One enzyme (CPS-P) is specific to the pyrimidine pathway and is located in the nucleus (7); the second enzyme (CPS-A) functions in arginine biosynthesis and as a rule is a mitochondrial constituent, although in certain organisms, such as Saccharomyces cerevisiae, it appears to be present in the cytoplasm (8) . Yeast carbamoyl-phosphate synthetase (argininespecific) has been shown to be encoded by two separate genes, designated as cpal and cpaII (5) . cpalI has been proposed (4, 9) to be the structural gene of the larger subunit with a molecular weight of 140,000. This subunit can catalyze the synthesis of carbamoyl phosphate from ammonia, bicarbonate, and ATP (4) .
The second subunit is required for carbamoyl phosphate synthesis when the substrate is glutamine. It has a molecularweight of 36,000 and is encoded by the cpaI gene (4, 9) . An analogous situation occurs in N. crassa (5, (10) (11) (12) (13) although, in the latter organism, the enzyme is located in the mitochondria (10, 11) . Since prokaryotic carbamoyl-phosphate synthetase is composed of two subunits with molecular weights and catalytic properties similar to those ofeukaryotic arginine-specific carbamoyl-phosphate synthetase (4, 14, 15) , an evolutionary relationship is implied. In contrast to the prokaryotic and fungal arginine-specific carbamoyl-phosphate synthetases, those of mammals consist of a single polypeptide that has a molecular weight of160,000 (16 (17) . The yeast strains used for transformation, S. cerevuisae JL1 (a leu2-3 leu2-112 cpaII-3) and S. cerevisiae JL2 (a leu2-3 leu2-112 cpu-2 cpall-3), were obtained from a cross of S. cerevnsiae MG701 (a cpu-2 cpall-3) (18) X S. cerevsae LLL (a leu2-3 leu2-112) (C. Dieckmann, personal communication). E. coli strain 58.161 (recA carB-8 thr-metB) carrying the recombinant plasmid pMC40 with the bacterial genes (carA and carB) coding for the small and large subunits of carbamoyl-phosphate synthetase was provided by Marjolaine Crabeel and Nicolas Glansdorff. E. coli strain RR1 (pro-leu-thilacY-hsdR-endA-rpsL2O ara-14 galK2 xyl-5 mtl-i supE44) was used for amplification of all recombinant plasmids.
Transformation of Yeast (20) . Vector YEp13 is a construct of pBR322, the 2-,um yeast plasmid (sometimes called the "2,u" plasmid), and a fragment of yeast nuclear DNA having the leu2 gene. Conditions for yeast transformation were those described by Hinnen et al. (21) and Beggs (22) , except that the cells were grown on 2% galactose/1% yeast extract/2% peptone medium (C. Dieck-
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DNA Preparations. Plasmid DNA was purified from E. coli by lysozyme/Triton lysis followed by phenol extraction and precipitation with ethanol (24) . The same protocol was used for the preparation of plasmid DNA from yeast except that Zymolase instead of lysozyme was used to prepare spheroplasts. These preparations were suitable for transformation of either E. coli or yeast. Plasmid DNA from E. coli was also prepared by the rapid alkaline extraction method of Birnboim and Doly (25) . The latter preparations were used for restriction enzyme analysis.
Restriction Endonuclease Analysis. Restriction enzymes were obtained from New England BioLabs. Digestions with restriction enzymes were carried out under conditions recommended by the supplier. The fragments were separated on 1% agarose slab gels in Tris base/boric acid/EDTA (26) . The DNA fragments were stained with ethidium bromide, and their sizes were determined by comparison with the known sizes of the In a single transformation of S. cerevisiae JL2 with the YEpl3 pool, 13 independent clones were obtained with selection, selection being carried out on minimal medium. As shown in Table 2, strains growing on this medium should be complemented for the leu2 and either the cpall or the cpu mutations. It is unlikely that mutations in both cpaII and cpu would be comple- Leu'Cps' transformants (in strain S. cerevisiae JL2) were grown under nonselective conditions in YPD medium (1% yeast extract/2% peptone/2% glucose) for 24 hr at 300C and then diluted and spread for single colonies on solid YPD medium. The colonies were replica plated onto minimal glucose medium with various supplements and-scored after growth for 2 days at 300C. In all cases tested, colonies scored as positive on minimal glucose also grew in the presence of uracil. Stability of the transforming plasmid is expressed as percent of colonies that grew on minimal or minimal/uracil medium. ND, not done.
mented by a single plasmid since the two genes are known to be genetically unlinked in yeast (5, 18) . The 13 transformants were tested for growth on minimal medium supplemented with uracil. None of the clones were inhibited by uracil, indicating that the mutation being complemented was most' likely in the cpaII gene.
Properties of the cpall Transformants. The Leu+Cps' phenotype was verified to be due to complementation by autonomously replicating plasmids for some of the transformed clones.
Five clones, JL2/T1-JL2/T5, were grown in rich medium (1% yeast extract/2% peptone/2% glucose) to stationary phase. Cells from the cultures were diluted and spread on rich agar to produce single colonies from isolated cells. The colonies formed after several days were replica plated onto minimal medium with and without uracil. The results of this experiment (Table  3) show that, under nonselective conditions, a significant percentage of the population reacquires the original growth requirements ofthe host cells. The segregation ofthe transformed phenotype is consistent with the presence of wild-type leu2 and cpalI genes in a plasmid DNA.
Plasmid DNA was prepared from 7-ml cultures of each of the five transformants (JL2/T1-JL2/T5). Part of the DNA preparations were used to transform E. coli RR1. Since the nuclear DNA fragments in the YEp13 pool are inserted in the BamHI site of the tet gene, E. coli transformants were selected for ampicillin resistance and tetracycline sensitivity. The tetracycline sensitivity ensured that the transforming plasmid retained the nuclear DNA insert. All of the plasmid preparations except that obtained from JL2/T2 transformed E. coli to ampicillin resistant, tetracycline sensitive. In the case of the transformation with JL2/T2 DNA, for reasons unknown, no ampicillin-resistant transformants were obtained. Plasmid DNAs were prepared from the E. coli transformants by the rapid method of Davis et al. (24) and used to back transform S. cerevisiae JL1 (leu2-3 leu2-112 cpaII-3) and JL2 (leu2-3 leu2-112 cpu-2 cpaII-3). Transformants selected solely for complementation of the leu2 mutation were picked from plates and their growth properties were tested on minimal medium alone and on minimal medium supplemented with uracil. Of the four plasmid preparations used, three (pJL2/Tl, pJL2/T3, and pJL2/T5) cotransformed S. cerevisiae JL1 and JL2 for both the leu2 and cpaII mutations ( Table 4 ). The fact that JL1, which lacks the cpu mutation, was also transformed by the plasmid DNA confirms that the cloned gene is that of cpaII.
Restriction Enzyme Analysis of pJL2/TI, pJL2/T3, and pJL2/T5. The transforming plasmids pJL2/Tl, pJL2/T3, and pJL2/T5 were subjected to restriction analysis. Digestion ofthe (25 ,ug/ml) and arginine (25 yg/ml). Fifteen transformants from each plate were picked and replica plated onto minimal medium containing uracil and arginine. After 2 days at'30°C, the plates were replicated onto the indicated medium. Growth was scored after 2 days at 30°C. +, All 15 colonies picked grew on the medium. * Plasmid pJL2/T4 underwent deletion in the DNA insert, probably during subcloning in E. coli.
purified recombinant plasmid DNAs with BamHI or EcoRI/ Sal I indicated that pJL2/T1 and pJL2/T5 had identical DNA inserts (Fig. 1) . Based on the known sizes of the EcoRI/Sal I fragments in the vector, the insert of pJL2/Tl (and T5) was estimated to be 5.9 kilobase pairs. The insert in pJL2/T3 was also 5.9 kilobase pairs. Two EcoRI/Sal I fragments belonging to the insert have identical sizes in pJL2/Tl/T5 and pJL2/T3, suggesting an overlap in their DNA sequence (Fig. 1 ). This was confirmed by digestion of preparative BamHI fragments of pJL2/Tl and pJL2/T3 with Hinfand HindIII. The BamHI fragments of the two different plasmids were cleaved into a large number ofsmaller fragments, some ofwhich had identical sizes. The BamHI, EcoRI, and Sal I sites of the two different inserts were mapped by digestion of the whole plasmid and ofthe preparative BamHI fragments with different combinations of restriction enzymes. As shown by the derived restriction maps (Fig. 2) (Fig. 3) .
Cross-Hybridization of the Cloned Yeast cpall and E. coli carB Genes. The availability ofthe cloned E. coli carA and carB genes (28) As an alternative approach, we have attempted to obtain the amino acid sequences of the prokaryotic and several eukaryotic carbamoyl-phosphate synthetases through their gene nucleotide sequences. In this paper, we describe the cloning of the gene for the large subunit ofthe yeast arginine-specific enzyme. The clones isolated by the yeast transformation assay have been shown to contain plasmids that complement the previously described mutation (5, 18) in the cpalI gene of the large subunit.
The pJL2/Tl/T5 and pJL2/T3 plasmids are suitable for sequence analysis ofthe gene. The nuclear inserts in the two types of plasmids have a common sequence of 4.5 kilobase pairs. Based on the reported molecular weight of the large subunit (140,000) (9), the region of overlap in the cloned nuclear DNA is only slightly larger (600 base pairs) than the expected length of the gene, assuming that there are no intervening sequences.
The similarities in the subunit compositions, molecular weights, sulfhydryl reactivities, and catalytic properties of the E. coli carbamoyl-phosphate synthetase and the yeast argininespecific carbamoyl-phosphate synthetase (4, 14, 15) suggest that the two enzymes might also be homologous in their amino acid sequence. The failure to observe cross-hybridization ofthe two genes indicates that, ifthe two enzymes are related, substantial changes have occurred in their DNA sequences and probably, also, in their primary structures. This question will be resolved when the nucleotide sequences of the genes are available.
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